Abstract-The performance of the cutting process in any machining operation can be described by the surface integrity of the resulting part. Hard turning is a finishing or semi-finishing operation that depends on geometrical accuracies, surface topography, and integrity of sub-surface layer. This paper presents the experimental investigation of the optimization of cutting conditions for obtaining the average surface roughness when tuning hardened AISI 440B martensitic stainless steel using ceramics and PcBN cutting tool based on the Taguchi method. Orthogonal design L 9 , signal-to-noiseratio (S/N); the smaller the better approach and analysis of variance (ANOVA) were applied to evaluate the effects of the cutting parameters on the surface roughness. The statistical analysis showed that the significant factors affecting the surface roughness are the cutting speed and feed rate. An exponential prediction model was developed using multiple regression, in order to find the correlation between the independent variables and surface roughness.
I. INTRODUCTION
ARD turning has been in use for some time to achieve close dimensional tolerances to eliminate time consuming and costly grinding operations. It allows machinists to simplify their processes and still achieve the desired surface finish quality. This form of machining is a finishing or semifinishing operation that depends on geometrical accuracies, surface topography and integrity of the subsurface layer of the final part produced [1] .
Of all the stainless steel alloys, martensitic stainless steel is an appropriate type of stainless steel for hard turning since it can be easily hardened by quenching and tempering, and therefore it can achieve high strength and hardness levels [2] . Martensitic stainless steels are generally known to be chromium steels with higher carbon content when compared to austenitic and ferritic stainless steels [3] . Among the martensitic stainless steels, AISI 440B possesses good mechanical properties owing to its high chromium content and high carbon content (lower than AISI 440C). Martensitic stainless steels are widely used in engineering applications Kehinde Sobyi is with the School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Private Bag 3, Wits, Johannesburg 2050, SOUTH AFRICA (corresponding author"s phone: +27117177502 ; e-mail: kk_sob@yahoo.com).
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such as steam and water valves, pumps, turbines, compressor components, shafts, cutlery, surgical tools, bearings, aerospace applications and plastic moulds [4] .
Machining of hardened stainless steel can be performed effectively using hard tool materials such as ceramics and PcBN due to their high hot hardness and wear resistance [5] , [6] .
The performance of the machining process in any machining operation can be described by the surface integrity of the resulting part. Surface integrity can be defined as the topological, chemical, mechanical and metallurgical condition of a manufactured surface with its relationship to its performance [7] . The quality of surface finish is important in machining operations since it significantly influence the fatigue strength, corrosion resistance and creep life [8] , [9] . The determination of the optimum cutting parameters is important in order to determine the optimal value of surface roughness and to attain minimal production costs and time.
Various studies have been carried out using Taguchi method and Analysis of variance (ANOVA) to determine optimal parameters for machining hardened metals and alloys. Studies have focused on optimizing the surface finish [10] - [14] , tool life [15] - [17] , cutting forces [18] , lubrication [9] and power consumption [19] , using cutting tools such as tungsten carbides, ceramics and PcBN.
These studies have shown the significance of either cutting speed or feed rate as the most important factor that influence the surface roughness during machining of hardened materials.
Few literatures are currently available for hard turning of martensitic AISI 440B stainless steel, with limited knowledge available on this particular alloy steel.
The purpose of this study is to analyse the dependence of the surface roughness (Ra) on the cutting conditions (cutting speed, feed rate and depth of cut) for minimizing the Ra during hard turning of martensitic AISI 440 B stainless steel using the Taguchi method. Analysis of variance (ANOVA) is used to determine the statistical significance of the cutting parameters with the Ra. and based on this analysis, a predictive model is developed.
II. MATERIAL AND METHOD

A. Experimental conditions
Hard turning tests were performed on hardened martensitic AISI 440B stainless steel (300 X 50 mm) with chemical composition as given in Table 1 . The material was heat treated by quenching and tempering to achieve an average hardness of 44 HRC. The hardness of the workpiece material was measured with a digital durometer (DM2-D 390). Machining trials were performed using a CNC Turn Master LA200 LLiouya-Hsing lathe with a 14.72-kW power output and maximum speed of 3,500 rpm. Two types of cutting tools (mixed alumina ceramic and PcBN) were used for the machining experiments. The mixed alumina ceramic tool contained Al 2 O 3 (70%) and TiC (30%), the PcBN tool contained cBN (50%), TiC (40%), WC (6%), AlN, and AlB 2 (4%).
The cutting tool inserts with the insert types SNGN 090308S-01020 were mounted onto a tool holder, resulting to the following angles: clearance angle of 6°, rake angle of − 6°, a back rake angle of − 6°, and an approach angle of 45°. The mixed ceramics and PcBN inserts were both square shaped with 0.8 mm nose radius (honed, chamfer 0.1 mm × 20°).
Then arithmetic mean deviation of the surface roughness profile Ra, for each cutting condition, is obtained by means of a Bondetec roughness meter. The length examined was 3 mm with a basic span of 0.8 mm. In order to reduce uncertainties caused by resumption operations the roughness values was directly measured on the workpiece held between the chuck and tailstock, without dismounting from the lathe.
The measurements were repeated three times with an average of these values was taken as the result.
B. Taguchi Method
The Taguchi method is a powerful tool commonly used to optimise the cutting parameters in turning operations with surface roughness mostly used for investigating the effect of various process parameters on the product performance, quality and cost [8] , [20] . Taguchi uses a robust design based on matrix experiments, where orthogonal arrays are used to study the entire parameter space with a small number of experiments [21] . The method simplifies the classical experimental design methods, which is too complex, not easy to use and requires large numbers of experiments to be carried out [22] .
The experimental result values are converted to signal-tonoise (S/N) ratio to measure the performance characteristics of the levels of control factors against the desired values. There are three different categories of quality characteristics (known as the objective function) used in the analysis of the S/N ratio. These are, "the-larger-the-better, the-smaller-the-better and the-nominal-the-best". Based on the S/N analysis, the S/N ratio for each level of the process parameters was computed.
ANOVA and S/N ratio were performed to determine the optimum level of the cutting parameters by estimating the relative significance of each factor.
In this study, cutting parameters are optimized for the average surface roughness (Ra) during hard turning of martensitic AISI 440 B with hardness of 44 HRC. L 9 (3 4 ) orthogonal array of Taguchi method was used in the design of experiment. The cutting variables at three levels, based on the tool manufacturers recommendation were chosen, they are, the cutting speed (v c ), feed rate (f), and of depth of cut (a p ). The cutting variables and their levels are given in Table 2 . To obtain minimal surface roughness Ra, and optimal cutting parameters, "the-smaller-the-better" performance characteristic were applied. The S/N ratio  is defined using equation (1), as follows:
where n is the number of experiments, and y i is the observed data at the experiment.
Optimization process of the performance characteristics based on the Taguchi method was performed using R software [23] . ANOVA was applied with 95% confidence level to determine the significance of the variables on the surface roughness.
III. RESULTS AND DISCUSSION
The experimental results showing the influence of the cutting parameters (v c , f and a p ) on the quality of the machined surface formed during hard turning using both ceramics and PcBN cutting tools are ), are given in Table 3 and 4 respectively.
They are evaluated in terms of the average surface roughness, together with their transformations in to the S/N ratio.
The level average responses of the Ra and the S/N ratio are analysed to show the performance characteristics with respect to the variation of the cutting parameters under consideration.
From Tables 3 and 4 , it can be noticed at cutting speed of 120 m/min that Ra values increases with feed rates for the ceramics and PcBN cutting tools. However, as the cutting speed increases, the Ra values reduces for the ceramics and PcBN (only at higher feed rates) cutting tool. At lower feed rates there is no significant change in the Ra value for PcBN cutting tool which is as a result of the vibrations normally experienced when machining using PcBN with low cBN content [6] , [24] .
For the depth of cut, the Ra values were found to be irregular, as a result of the random distribution of the feed rate during the design of the experiments.
The S/N ratio was calculated using Equation (1), after obtaining the Ra data from the experiments. The mean value of the S/N ratio is plotted against the control factors (v c , f and a p ) as shown in Figures 1, 2 and 3 respectively. Where the S/N ratio is maximal, a minimal Ra value is achieved using the cutting parameters. For the ceramic cutting tool, as shown in Table 3 , the best surface finish (highest S/N ratio) can be observed at cutting speed of 240 m/min, indicating this to be the optimal level, whereas for PcBN the optimum level is at 180 m/min. The minimum and maximum values of Ra recorded for ceramic and PcBN cutting tools are 0.686 µm, 2.013 µm and 0.923 µm, 1.922 µm respectively. Better surface finish was observed using ceramic cutting tool compared to the PcBN at higher cutting speed. Figure 2 , shows that S/N ratio decreases significantly with increase in feed rate and is highest feed rate at 0.1 mm/rev, indicating the best surface finish at this level. In the case of the effect of feed rate, S/N ratio and Ra has a decreasing trend with increase in feed rate for PcBN, but remains fairly constant with ceramic cutting tool. From the graphs presented, it can be seen that the feed rate has the greatest influence on the surface finish during hard turning of martensitic stainless steel. From the response table and graphs, it can be observed that for the ceramic cutting tool, level 1 for feed rate and level 3 for cutting speed and level 2 for depth of cut produces a low variation in the response thus, highest S/N ratio recorded indicating the optimal level in the control factors. For the PcBN cutting tool, optimal level is observed at level 2 cutting speed and level 1 for both feed rate and depth of cut.
The differences in the values of S/N ratio (between maximum and minimum) shows that the feed rate have the highest difference between values, 8.204 and 6.463 for ceramic and PcBN cutting tools, respectively. The larger differences between values of S/N ratio have the most significant effect on the surface finish based on Taguchi. Based on the optimization of the cutting parameters according to the criterion "the-smaller-the-better" the combination of Statistical significance of the cutting parameters is determined using ANOVA. The result from the analysis of variance (ANOVA), shown in Table 4 and 5, is important for determining the particular design parameter that significantly affects the Ra during hard tuning of martensitic stainless steel. The degree of freedom (DF), mean of squares (MS), sum of squares (SS), F-ratios and the percentage of contribution are presented in Table 4 and 5. From the ANOVA table, at confidence level of 95 %, the significant levels of the parameters are determined when taking into consideration the F-ratio and percentage of contribution.
The F-ratio indicated the most effective influence on the surface roughness Ra as the feed rate (128.08 µm for ceramic and 1.663 µm for PcBN), with percentage of contribution of 90.05 % for ceramic and 40.73 % for PcBN. The significant influence of feed rate on the surface roughness is reported by some authors [13] , [14] . The other variables influencing the Ra values are cutting speed, 6.647 % (ceramic), 2.524 % (PcBN) and depth of cut 2.6 % ceramic , 32.27% (PcBN). 
IV. PREDICTIVE MODEL
Multiple regression analysis is used for modeling the response of the surface finish Ra in relationship to the control factors (v c , f and a p ) leading to the development of exponential prediction models. The relationship between the independent variables and the surface roughness is given in Equation 2 and the logarithmic transformation of the equation is given in Equation 3 .
where C is a constant, x,y,z are the exponents (depends of the tool, material and processing conditions), v c , cutting speed, f, feed rate and a p, depth of cut.
The 
At 95 % confidence level, the model has a coefficient of determination R 2 = 0.9712 for ceramic and R 2 = 0.7379.
Equations derived by the predictive models are thus applicable for predicting the surface roughness during hard turning of martensitic stainless steel.
V. CONCLUSION
In this study, the following conclusions could be drawn from the application of Taguchi and statistical methods (S/N ratio and ANOVA) for evaluating the surface roughness when machining hardened martensitic AISI 440B stainless steel using ceramic and PcBN cutting tool.
The results showed that Taguchi method can be applied for optimizing the hard turning of martensitic stainless steel, in which small number of experiments can be performed for predicting the response of any input parameters on the surface roughness.
The experimental results indicate that the most significant variable during hard turning using ceramic and PcBN cutting tool is the feed rate. The cutting speed has less significant on the roughness value. The smallest Ra obtained is 0.686 µm with ceramic cutting tool while for PcBN tool, it was 0.923 µm.
An exponential prediction models with reasonable degree of approximation for predicting the surface roughness were obtained by multiple regression model.
